Abstract
Introduction
Alveolar hypoxia is a common condition occurred at high altitude, during lung transplantation due to ischemia and in various lung diseases, including chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, pulmonary artery hypertension and
Materials and Methods

Cell culture
Rat alveolar epithelial cell line (ATCC, Manassas, VA, #CCL149) was cultured in F-12K medium (ATCC, Manassas, VA, #30-2004) supplemented with 20% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, #26400044) at 37°C in a humidified 5% CO 2 atmosphere. CCL149 cells at a confluence of 80% were digested with 0.25% trypsin for subculture.
Establishment of stable eRFP-LC3/CCL149 cells
For establishing CCL149 eRFP-LC3, cells were transfected with eRFP-LC3 plasmid (Addgene, Cambridge MA, USA, #21073) using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA, #11668027) according to the instructions of the manufacturer. After transfection for 24 h, cells were transferred to a new plate and underwent selection in F-12K medium containing 300 μg/ml of G418 (Invitrogen, Carlsbad, CA, #10131027). About 2 weeks post-transfection and expansion, cell colonies exhibiting strong red fluorescence were selected under a fluorescence microscope (Olympus, Tokyo, Japan) and then maintained in F-12K medium supplemented with 10% FBS and 100 μg/ml G418 at 37°C and 5% CO 2 .
Cell viability assay
The cytotoxicity of 3-MA and Rap against eRFP-LC3/CCL149 cells was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Briefly, 100 μl of eRFP-LC3/CCL149 cells at a density of 2 × 10 4 /ml were seeded into a 96-well plate and incubated overnight at 37°C. After that, cells were treated in quintuplicate with Rap (150 nM, 200 nM and 250 nM; diluted in DMSO; Alexis Biochemicals, Loerrach, Germany, #380-004-M001) or 3-MA (5 mM, 10 mM and 15 mM; Sigma, USA, #M9281) for 48 h. Untreated cells were used as controls. Cells in each well were added with 50 μl MTT (1 mg/ml; Sigma, USA, #M2128) and incubated for 4 h. The formazan crystals were then solubilized by DMSO (150 μl; Sigma, USA, #D2650) and the absorbance was read at 570 nm using a microplate reader (Multiskan MK3, Thermo, USA). The cell inhibition rate (%) at each concentration was calculated relative to controls from which the appropriate concentrations of Rap and 3-MA were selected for the following experiments.
Drug administration eRFP-LC3/CCL149 cells were randomly divided into Rap, 3-MA and control groups in which the cells were respectively incubated with Rap, 3-MA (the optimal concentration obtained from MTT) or an equal volume of phosphate-buffered saline (PBS) for 1 h before the H/R treatment for 2 h, 4 h and 6 h. H/R treatment was performed as previously described: [19] for hypoxia treatment, plated eRFP-LC3/CCL149 cells were placed in a humidified hypoxia chamber with 0.5% oxygen for a specified time course (2 h, 4 h or 6 h); reoxygenation was achieved by removing the plate from the hypoxic chamber and placing it into a normoxic incubator for a similar time course (2 h, 4 h or 6 h). Negative control referred to cells that were unstimulated by conditions of H/R had also been designed in each group.
Fluorescence microscopy
After the H/R for 0 h, 2 h, 4 h or 6 h, cells were fixed in 4% paraformaldehyde (Sigma, USA, #158127) for 10 min and mounted with FluorSave reagent (Merck Millipore Biosciences, Darmstadt, Germany, #345789). eRFP-LC3 positive cells were observed using a fluorescence microscope (Olympus, Tokyo, Japan) and photographed.
Transmission electron microscopy
After the H/R treatment for 2 h, 4 h or 6 h, cells were fixed with 2.5% glutaraldehyde at 4°C overnight and then fixed with 1% osmic acid. After being dehydrated with a graded series of ethanol (50%, 70%, 80%, 95%, 100%, each 15 min) and acetone (twice, each 15 min), the cells were embedded by epoxide resin. The ultra-thin sections were made using an ultra-microtome (LKB-V, Bromma, Sweden), followed by staining with uranyl acetate and lead citrate. Then, sections were observed and photographed under a transmission electron microscope (H-600, Hitachi, Tokyo, Japan).
Quantitative real-time PCR
Cells were respectively collected after the H/R treatment for 2 h, 4 h or 6 h for RNA extraction using Trizol reagent (Invitrogen, Carlsbad, CA, USA, #15596-026). Five microgram of total RNA was reverse transcribed into complementary DNA (cDNA) using a cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany, #K1622) and PCR amplification was performed with the specified human primers: BIP, sense 5'-AGC CCA CCG TAA CAA TCA AG-3' and antisense, 5'-CCT GTC CCT TTG TCT TCA GC-3'; XBP-1, sense 5'-CCC ATG GAT TCT GAC GCT GT-3', and antisense 5'-ATG AGG TCC CCA CTG ACA GA-3'; CHOP, sense 5'-CAG CGC ATG AAG GAG AAG GA-3' and antisense 5'-ACA GGA GGT GAT GCC AAC AG-3'; β-actin, sense 5'-CAC GAT GGA GGG GCC GGA CTC ATC-3' and antisense 5'-TAA AGA CCT CTA TGC CAA CAC AGT-3'. The cycling conditions were as follows: 94°C for 4 min followed by 30 cycles of 94°C for 30 s, 57°C for 30 s and 72°C for 25 s. The expression levels were normalized to β-actin.
Immunohistochemistry
Cell slides were made for the cells after H/R treatment for 2 h, 4 h or 6 h. Then, cell slides were fixed in 4% paraformaldehyde for 15 min and washed with PBS (pH = 7.4), followed by permeabilization with 0.5% Triton X-100 in PBS. In order to block the endogenous peroxidase activity, slides were transferred to 3% hydrogen peroxide and incubated for 15 min at room temperature. The slides were then incubated with primary antibodies specific for AMPK (Abcam, Cambridge, United Kingdom, #Ab3759; 1:1000 dilution), Beclin-1 (Abcam, Cambridge, United Kingdom, #Ab62472; 1:400 dilution), HDAC6 (Abcam, Cambridge, United Kingdom, #Ab117516; 1:250 dilution) and p62 (Abcam, Cambridge, United Kingdom, #Ab56416; 1:500 dilution) overnight at 4°C. Slides were rinsed with PBS and incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 20-30 min at 37°C. The immunoreactions were visualized using diaminobenzidine (DAB, Dako, Carpinteria, CA, #K3468) and slides were counterstained with Mayer's haematoxylin solution (Wako Pure Chemical Industries, Tokyo, Japan, #131-09665). The stained slides were dehydrated and observed under a light microscope (E100, Nikon, Tokyo, Japan). Average values of integrated optical density (IOD) were obtained from three random fields per slide by using ImagePro Plus software (v5.0, Media Cybernetics, Bethesda, MD). Every data were detected three times at least.
Western blot analysis
Total proteins were respectively extracted from the cells undergoing the H/R treatment for 2 h, 4 h or 6 h. Protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (Biyuntian, Shanghai, China, #P0010). Equal quantities of protein were electrophoresed on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA, #IPVH00010). The membranes were blocked with 5% fat-free milk for 2 h at room temperature and incubated overnight at 4°C with the following rabbit primary antibodies: BIP (Santa Cruz, CA, USA, #sc-33757; 1:200 dilution), XBP-1 (Santa Cruz, CA, USA, #sc-7160; 1:200 dilution), CHOP (Santa Cruz, CA, USA, #sc-575; 1:200 dilution), LC-3 (Cell Signaling Technology, Danvers, MA, #2775; 1:1000 dilution), AMPK (Bioworld, St. Louis Park, MN, USA, #BS5503; 1:600 dilution), Beclin-1 (Santa Cruz, CA, USA, #sc-11427; 1:200 dilution), HDAC6 (Santa Cruz, CA, USA, #sc-5258; 1:200 dilution) and p62 (Santa Cruz, CA, USA, #sc-8314; 1:400 dilution). Horseradish peroxidase (HRP)-conjugated secondary antibodies (Boster, Wuhan, China, #BA1060; 1:50000) were then incubated with the membranes for 2 h at 37°C. The formed immunocomplex was visualized by enhanced chemiluminescence reagent (ECL, Thermo Scientific, Waltham, MA, USA, #NCI5079) and exposed to X-ray films (Kodak Insight film, Eastman Kodak Company, Rochester, NY, #XBT-1). The images were quantified by BandScan software (v 5.0, Glyko, Novato, USA) and band intensities were expressed relative to β-actin.
Statistical analysis
The data were expressed as mean ± standard deviation (SD). Comparisons between groups were performed using one-way analysis of variance (ANOVA), followed by Student's t-test. Statistical analysis was performed using the SPSS version 18.0 software (Chicago, IL, USA) and P < 0.05 was considered to be statistically significant.
Results
Cytotoxicity assay of 3-MA and Rap
According to the MTT assay, autophagy-stimulating agent Rap significantly decreased cell viability at the dose of 250 nM (0.73 ± 0.23), compared with 150 nM (0.35 ± 0.34) and 200 nM dose (0.12 ± 0.38), while autophagy inhibitor 3-MA significantly improved the cell viability at the concentration of 5 mM with the inhibition rate of 19.77 ± 0.08% in comparison with 10 mM (20.56 ± 0.12) and 15 mM (49.14 ± 0.08) dose. Therefore, we consider the 250 nM Rap or 5 mM 3-MA may be the optimal concentration for clearance or induction of ER stress cells before the H/R treatment.
Effect of 3-MA and Rap on autophagy formation after H/R
To determine if 3-MA and Rap increased or decreased levels of autophagy, eRFP-LC3 positive cells were preliminarily monitored under fluorescence microscopy because LC3 is the universal marker of autophagic vacuole. As shown in Fig. 1A , the red fluorescent dots were gradually increased along with the treatment time of H/R and the eRFP-LC3 dot was obviously more in cells incubated with Rap than those of the control and cells incubated with 3-MA. To further confirm the autophagic activity, the LC3-I (16 kDa) to LC3-II (14 kDa) conversion [20] [21] [22] [23] was checked through western blot analysis. As expected, Rap treatment induced a significant increase of LC3-II/LC3-I ratio in cells as compared with control and cells treated with 3-MA at any duration (P < 0.05; Fig. 1B) .
Furthermore, the autophagosome accumulation was also detected by using transmission electron microscopy. Consistent with the increased eRFP-LC3 dot formation, autophagosomes was also more frequently observed in Rap treated cells compared with control and 3-MA group (Fig. 2) and became larger along with the extension of treatment time. Collectively, these results demonstrated that Rap induced more autophagosome formation before H/R.
The relationship between autophagy formation and ER stress after H/R
To demonstrate whether the autophagy induction or clearance prior to H/R may influence the ER stress, we detected the expressions of UPR genes (BIP, XBP-1 and CHOP) which were used to indicate the ER stress. As shown in Fig. 3 , there was a rising tendency in the mRNA expression levels of BIP, XBP-1 and CHOP in control cells along with the increasing of H/R treatment duration. Prior to H/R, cells treated with 3-MA further increased, but Rap treatment decreased their expressions (P < 0.05). This conclusion was also confirmed by investigating the protein expressions of BIP, XBP-1 and CHOP using western blot (Fig. 4) .
Moreover, the expression levels of autophagy related genes (AMPK, Beclin-1, HDAC6 and p62) were also explored by immunohistochemistry and western blot to observe whether there was a negative relationship between autophagy and UPR genes as previously indicated. By integrating the results of two methods, we consider the protein expressions of Beclin-1, HDAC6 and p62 were significantly higher in cells treated with Rap, but significantly lower in cells treated with 3-MA, compared with the control cells especially after H/R for 6 h. However, there was no obvious difference in protein expression of AMPK among three groups (Fig. 5 and Fig. 6) . Collectively, these results demonstrated that Rap induced more autophagy related genes which may feedback inhibit the UPR genes expression and thus relieve the lung cell injury.
Discussion
Previous studies demonstrated that the activity of autophagy can be increased in hypoxia related lung diseases, [24] insufficient autophagy promotes lung cell senescence [25] and administration of drug that enhances the autophagic activity can prevent the development of hypoxia related lung diseases [25] [26] [27] . However, no study has been performed to investigate the protective effects of autophagy activation for alveolar epithelial cells against H/R induced injuries. In our study, we, for the first time, used the time course analyses to demonstrate that: (1) autophagy is activated in response to ER stress in alveolar epithelial cells undergoing H/R treatment; (2) pharmacological agent Rap added prior to H/R ameliorates cellular ER stress with the decreased expressions of BIP, XBP-1 and CHOP via stimulating more autophagosome accumulation and expressions of autophagy genes LC3 and Beclin-1. These results seemed to be in accordance with the studies of H/R induced brain, myocardial and kidney injuries [14, 15, 17, 28] .
Rap is a commonly used inhibitor for mammalian target of rapamycin (mTOR). Recent study suggests AMPK is a positive regulator of autophagy mainly by suppressing the mammalian target of rapamycin (mTOR) complex and phosphorylating unc-51-like kinase 1 (ULK1, the ortholog of Atg1 in mammals) at Ser 317 and Ser 777 [29] . Further studies indicate that Rap can upregulate autophagy by activation of AMPK followed by resulting in the inhibition of mTOR-ULK1 activity [30, 31] . Accordingly, we believe AMPK pathway may be an important mechanism by which Rap induced autophagy. Therefore, we also detected whether the expression of AMPK was increased after Rap treatment, but decreased by 3-MA. Unfortunately, no significant difference in AMPK was observed among groups, indicating the other pathways (such as PI3k/Akt pathway [28] and ERK pathway [32] ) by which Rap induced autophagy in alveolar epithelial cells may be involved and further studies are still needed to confirm.
HDAC6 is the first identified microtubule-associated deacetylase that associates with autophagy. One the one hand, it binds with both the polyubiquitinated misfolded proteins and dynein motors via corresponding domains, thereby facilitating the transportation of ubiquitinated misfolded proteins and formation of an aggresome; [33] one the other hand, it stimulates autophagosome-lysosome fusion through recruiting a cortactin-dependent, actinremodeling machinery followed by degrading the misfolded proteins via autophagy [34] . Deficiency in HDAC6 reduces this transportation of autophagosomes and leads to decreased aggresome-autophagic clearance of abnormal proteins [35] . Recent studies investigating the relationship between HDAC6 and autophagy are associated with the neurodegeneration [36, 37] . Few reports are seen in lung diseases. As expected, the expression of HDAC6 was significantly increased after H/R, especially Rap treatment.
P62 is also an ubiquitin-binding protein and thus participates in the formation of ubiquitinylated protein aggregates similarly. But, unlike with HDAC6, p62 itself is able to be translocated to the autophagosome via interacting with the central component of the autophagy machinery LC3 and then degraded [38] . Therefore, the level of p62 is usually considered to be negatively correlated with the autophagic activity [17] . However, a recent study indicated that the expressions of p62, ubiquitinated proteins, and LC3-II were significantly induced in neuronal cells under hypoxic stress [39] . Depletion of p62 significantly exacerbated, but overexpression of p62 protected against the neuropathological injuries [40] . In line with these studies, our study also found p62 was significantly higher expressed after H/R, especially Rap treatment, but decreased under 3-MA treatment. We believe this phenomenon may be attributed to the fact that p62 may be needed to be compensatorily synthesized using the autophagy-derived amino acids to confirm the persistent proceeding of the autophagy process [41] . Thus, the autophagy activation by rap needs more p62, but 3-MA needs lower p62. In addition, p62 may be also involved in other pathways. For example, activation of p62/Keap1/Nrf2 stress defence pathway by H/R may also contribute to the high expression of p62. By competitively binding to Keap1, p62 induces the release of free transcription factor Nrf2 which promotes the transcriptional upregulation and synthesis of antioxidant targets, including p62 itself [42] . Chronic treatment with Rap is also demonstrated to significantly upregulate Nrf2 and p62, but downregulate Keap1 to protect cells from exogenous ROS exposure [43] . In brief, the increased expression of p62 in alveolar epithelial cells after H/R, especially Rap treatment may be explained by a high synthesis/ degradation ratio of p62. This also indicates it should be cautious to use p62 as an indicator of autophagy flux with caution and the level of p62 mRNA should be simultaneously measured along with the p62 protein level [41, 44] .
Although our study may preliminarily imply the beneficial effects for reduction of the UPR response and alleviation of H/R induced ER stress by the use of autophagy agonist Rap before H/R, more attention should be paid that there may be dual functions of up-regulation of autophagy to both protect and cause death of cells indicated by some studies [45, 46] . We believe the function of autophagy in H/R depends on the exposure conditions (such as time) and might, likewise, differ between cell or disease types. Therefore, further studies are necessary to confirm our conclusion by in vivo study with longer time of hypoxia or reoxygenation.
In summary, our study findings are consistent with the possibility that activation of autophagy may be potentially beneficial for alleviation of H/R induced ER stress and lung injuries. Rap or other autophagy activators can be promising agents before mechanical ventilation or reperfusion to prevent re-damage to the pulmonary function in hypoxia related lung diseases, such as COPD.
